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Methyl esters of fatty acids are important intermedrates in chemical industry and,
as a consequence, their industrral manufacture has been studied extensively.
Formation of esters by reaction of fatty acids with methanol is slow and reversible.
However, the reaction rate can be enhanced by increasing the temperature and
by using a catalyst, whereas the equilibrium can be shifted by using an excess of
methanol and removing the water that is formed in the reaction. Many processes
based on one or more of these principles have been published. In a common
process oleic acid is esterified by continuously adding methanol and distil l ing off
the excess, along with the water formed in the reaction, in the presence of
p-toluenesulfonic acid as a catalyst at 120"C. However, side reacttons cause
formation of minor quantities of sulfur compounds, which remain in the main
product during the refining step, necessary to remove the catalyst and traces of
free fatty acid.
The quest for methyl esters with very low acid percentages, not contaminated by
sulfur compounds and manufactured without a refining step, invoked the
development of a new continuous esterification process without a catalyst, at high
temperature and increased pressure. lt was planned to support the experimental
work by studying the effects of different process conditions on the conversion
through process simulation with ASPEN Plus, prior to carrying out the
experiments. Therefore, a detailed knowledge of the reaction kinetics was
necessary.
The reaction equation for the esterification is usually expressed as a reversible
equilibrium reaction:
RCOOH+CH3OH =F RCOOCH3 +H2O (1)
lf this were the actual reaction, it would suggest a second order reaction rate
equation like:
-Rn = kt Cn Cr,,1 - k2 CE Cw e)
with Ro to express the rate of formation of the fatty acid and Co , C" , Cu and C*
the concentrations of fatty acid, methanol, methyl ester and water, respectively,
and an equilibrium constant:
K"= [ = ?i-3; (3)
ln practice most esterifications are carried out with mineral acid as a catalyst. The
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effect of the catalyst concentration is not expressed by the second order reaction
rate equation (2). As a consequence much work has been done to determine the
kinetics of the acid-catalysed esterification and to establish the reactive species.
The esterification of fatty acids in a large excess of methanol with hydrochloric
acid as a catalyst at room temperature was studied extensively by Goldschmidt.
Around 1910, he developed an equation for the reaction rate, which has appeared
to be very useful. This is remarkable, because his equation was based on the
hypothesis, which is now known to be incorrect, that methyl esters are formed by
reaction of a prolonated methanol species with the fatty acid. Goldschmidt stated
that the reaction rate of the forward reaction would decrease because the water
formed in the reaction was a stronger proton acceptor than methanol and would
compete with methanol for the proton, thus lowering the concentration of the
alcohol comolex:
CH3OH| + H2O 
-) H3O* + CH3OH
While considering the methanol concentration as constant and neglecting the
contribution of the reverse reaction, Goldschmidt proposed the following equation
for the reaction rate:
_Re = kr.*,.;?f3* (5)
with the concentration of the catalyst, represented by C".,, equal to the total
quantity of protons, because the mineral acid was considered as dissociated
completely, and a constant K representing the equilibrium constant of reaction (4).
For esterifications with an equivalent up to a fivefold amount of methanol, various
empirical equations have been published since 1945. Quite a few of these were
based on a reaction rate dependent on the second power of the acid
concentration. Besides these empirical equations, common second order kinetic
equations were proposed, which were adjusted to the reaction conditions by an
empirrcal factor. Not until recently was it attempted to develop reaction rate
equations based on the mechanism of ester formatron between methanol and a
protonated acid species, as was proven by Ingold in 1939. This approach has
appeared to yield equations similar to the one proposed by Goldschmidt.
However, until now no universally applicable kinetic equation for the esterification
of fatty acids with methanol in the presence of a catalyst has been published.
Therefore, a new equation was derived on a theoretical basis for the reaction rate
of the acid-catalysed esterification. As under common esterification conditions the
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could be simolified to:
_R^ =  k ' ,  c . " t  (cn  cM - (1 /Ke)Cr  Cw)^  cu  *cw
_ a , _ k'1 k3 ci cr,,r - (k'r k3 / Ke )cA cE cw' '^ - 
,,, ciu ( Klcr,,,, +K5 cyy )0 5 + k,1 cp
(6)
Unfortunately, much less is known about the esterification without a catalyst. The
reaction without a catalyst appeared to have been investigated in a large excess
of methanol only. Two different authors found empirically that under these
conditions the reaction rate was linearly dependent on the second power of the
concentration of the fatty acid. To fill this gap in knowledge, we started our project
by investigating the kinetics of esterification without a catalyst.
Through considering the formation of the protonated acid species and its reaction
with methanol as separate reactions, we developed a new universally applicable
equation for the reaction rate of the esterification without a catalyst on theoretical
grounds. According to Ingold, the esterification and the hydrolysis involve the same
intermediate:
RcooHt +cH3oH =SfncoHCH3(oH)21..-  RCooHCHj +Hro (7)
z
lf the formation of the intermediate is the rate-limiting step, the reaction rate will be
expressed by:
-Rn =kr tRcooHil lcH3oHj-k2 [RcooHCHj]tH2ol (8)
The formation of the active species RCOOH2. can be explained by
autoprotonation, with k, and k. as the reaction rate constants of the forward and
reverse reaction and an equilibrium constant Kr. lf esterification is not too fast, at
low methanol concentrations, the concentration of the active species will be
stationary during not too long periods of time. lf the contribution f the hydrolysis 
neglected with respect to the ester formation, the concentration of the active
species will be determined by autoprotonation, the reverse reaction and its
reaction with methanol. For reasons of electroneutrality he sums of the
concentrations of the positive ions and the negative ions must be equal. As an
approximate we considered the most important ion concentrations only and
assumed equilibrium for the protonation of methanol and water by the fatty acid,
with equilibrium constants Ko and Ku. lf the reaction rate of the hydrolysis is
considered in the same way and a new constant k', is defined for the product k,r K.,
the overall reaction rate can be written as:




species becomes the rate-determining step, equation (9)can be simplified to:
( 1 0 )
As esterification is a reversible reaction, it was investigated first to what extent the
commonly used value of the equilibrium constant varied with the reaction
conditions. Calculation of the equilibrium constant from the concentrations of oleic
acid, methanol, methyl ester and water measured in equilibrium mixtures with
various acid percentages at several temperatures gave values varying from 16 to
6 for acid percentages of 1 to 30 wt%, respectively. Above an acid percentage of
10 wl%, the value of the equilibrium constant varied hardly anymore with the acid
concentration. At an acid percentage of 25wt%, its value was about 8, which
seemed a fair mean value for all further calculations. Almost no effect of the
temperature was observed, which indicated that the activation energies of the
forward and the reverse reaction were almost equal. The equilibrium constants of
the protonation of methanol and water by the fatty acid were calculated from the
dissociation constants of oleic acid in methanol and water found in the literature.
yielding Ka = 9.0 10-11 and Ks = 8.0 10{, respectively.
To determine the reaction rate constants and the activation energy of the
esterification without a catalyst, the course of batch esterification of oleic acid with
methanol without a catalyst in several initial molar methanol to acid ratios Mo was
investigated experimentally in autoclaves under various reaction conditions. When
separation of a water rich phase was expected during an esterification, the
experiments were carried out in a glass Btichi autoclave or in a stainless Brlchi
autoclave with a sightglass, depending on the reaction temperature and the
pressure expected. All other experiments were done in a stainless steel Parr
autoclave. During the reaction, samples were taken in which the concentration of
the fatty acid was measured and, whenever possible, the concentrations of water
and methanolwere determrned as wel l .
To determine the value of kr, esterification of oleic acid with methanol in a molar
methanol to acid ratio Mo of 12:1 was chosen at 80, 100, 120, 130, 140 and
160'C. Processing of the collected data with equation (10) gave values for In(k,)
which, in an Arrhenius plot, lay almost on a single straight line. Data regression
gave an activation energy Es = 62.4 106 J/kmol and a frequency factor
ks" = 43OO m3/kmol s. For the experiments at a molar ratio Mo of 12:1the methanol
concentration was considered to be so high that the contribution of the hydrolysis
reaction could be neglected. This enabled checking of the order of the forward
reaction in acid concentratron. Plotting In(-Ro) against In(Co) yielded an order of 2
in Co, which confirmed equation ( 1 0). Application of equation ( 1 0) on the results of
batch esterifications of oleic acid with methanol at molar methanol to acid ratios
Mo of 20:1 and 7:1, carried out at 120 and 't40"C, gave values for k., which were
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comparablewith thosefound in the case of Mo= 12:1. Values calculated for In(k.)
from the results of batch esterification of oleic acid with methanol in a molar ratio
Mo of 2:1 at 100, 120 and 140"C also showed a good fit with the Arrhenius plot
obtained for Mo = 12:',.
Batch esterifications of oleic acid and methanol in a molar ratio Mo of 1:1 at 100,
120, 140, 160, 180, 200, 220 and 240"C all yielded a conversion of about 70% al
equilibrium. Applying equation (10) on the results of batch esterification of oleic
acid and methanol in a molar ratio Mo of 1:1 at 100-180"C gave In(k.) values that
deviated from the Arrhenius plot obtained for batch esterification of Mo= 12:1. As
expected, the simplified equation (10) is not valid for esterification in a molar ratio
Mo of '1:1 and equation (9) must be used instead. By applying equation (9) and
using the values found for E, and k3", the reaction rate constant k', was calculated
from the concentrations of oleic acid, methanol and water as measured during the
esterifications. By using the ASPEN FIT model the reaction rate constant k', could
also be calculated from the acid concentrations only, which were in fact the most
accurate data. From an Arrhenius plot an activation energy Er =51.6 106J/kmol
and a frequency factor of k,o = 0.0665 m3/kmol s were derived.
As semi-continuous esterification is a common process, the validity of equation (9)
was checked for semi-continuous esterification of oleic acid without a catalyst.
Therefore a few experiments were done by dosing methanol at a constant rate to
oleic acid and distil l ing methanol off at the same rate, together with the water
formed by the reaction, at 100, 120 and 140'C, all at atmosphenc pressure. Under
these conditions, the contribution of the hydrolysis may be neglected. Calculation
of the reaction rate constant k', from the concentrations measured experimentally,
by using equation (9), was done in the same way as for batch esterification in a
mofar ratio of Mo = 1:1. The In(k',) values showed afair fit with the Arrhenius plot
obtained for batch esterification i  a molar ratio of Mo = 1:1.
Hydrolysis of methyl oleate with an equimolar quantity of water at temperatures
from 140 to 240'C resulted in conversions between 26 and 28%. This was in
agreement with the conversions obtained after esterification at a molar ratio of 1:1.
Because of phase separation, sampling was difficult. As a consequence the
concentrations measured were not accurate enouoh to calculate reliable reaction
rate constants.
Use of equation (9) for the simulation of the various batch esterifications in molar
methanof to acid rat ios Mo of 1:1 ,  2:1 and 12:1 with kr" =0.0665 m3/kmol s,
Er = 51 .6 106 J/kmol, k,o = 4300 m3/kmol s, Es = 62.4 106 J/kmol, K" = 8,
K+ = 9.0 10-11 and Ks = 8.0 10{ yielded good flts with the experimental data in all
cases. Simulation was done either by solving equation (9) numerically or by using
the ASPEN model RBATCH.
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Fatty acids can be esterified continuously in a countercurrent process, by forcing
methanol vapour to bubble upwards through a downward stream of fatty acid. To
investigate such a process, a stainless steel bubble-cap column with nine trays,
each equipped with one bubble-cap, was used. A bubble-cap column can be
considered as a modified distil lation column, with a residence time for the liquid
long enough for chemical reactions to proceed to completeness. This is realized
by using tall downcomers and tall bubble-caps, consisting of two concentric pipes,
the inner one open and the outer one closed at the top. Through a number of
holes at the bottom of the outer pipe the methanol vapour is distributed into the
liquid on the tray. Our column was equipped with a heating jacket, enabling
process temperatures up to 240'C, and suited for pressures up to 15 bar. The
feed of fatty acids was preheated in a heat exchanger to process temperature and
fed into the top of the column. The methanol was evaporated and fed
countercurrently into the bottom of the column.
The kinetic equation (9) and the parameters determined in the batch experiments
were used to calculate the conversions in the liquids on the trays by simulation
with the ASPEN model RADFRAC. The values calculated gave a good fit with the
conversions on the trays measured experimentally for esterification of oleic acid
with methanol in a molar methanol to acid ratio Mo of 3:1, at24O'C,10 bar and a
residence time of 3.0 h. Next, it was investigated through simulation of the
esterification process with ASPEN how much and into which direction the
conversion on the various trays would shift on varying the process conditions.
From the results, various reaction conditions were selected to be checked
experimentally. This gave the following experimental results.
Esterifications of oleic acid with methanol at240'C, while using molar methanol to
fatty acid rat ios Mo of 6:1, 4:1, 3.5:1 and 3:1 at 10 bar and a residence t ime of
3.0 h, all yielded 97.7% conversion. Lower molar ratios of 2.5:1 and 2:1 for
methanol to fatty acid, at a residence time of 3.0 h, stil l yielded conversions of
97.3 and 97.2 Yo, respectively. At a molar ratio of 3:1 and a residence time of
3.0 h, a decrease of 0.5% in conversion was found when wet methanol was used,
with a water content of 2.0 wt%, instead of technical methanol with a water
content of 0.03 wt%. At 15 bar, 0.5% more conversion was obtained. Esterification
at 230"C, 10 bar, a molar ratio of 3:1 and a residence time of 3.0 h stil l yielded
97% conversion. No significant differences in reaction rate were observed
between feeds of oleic acid and palm kernel fatty acids. During the esterification
process hardly any discolouration was observed. lt appeared that the effects of
varying reaction conditions could be predicted very well through ASPEN
simulat ion.
It followed from ASPEN simulation that significantly higher conversions would be
obtained by doubling the column height. As doubling the column height could not
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be realized easily in practice, the effect was investigated by using the existing
column first as the upper part and next as the lower part of a column twice as
high. Thus, in two passes over the column, a conversion of 99.8% was attained at
a temperature of 240"C, a pressure of 15 bar, a molar methanol to acid ratio of 5:1
and a residence time of 5 h, while using a feed of palm kernel fatty acids. This was
even higher than the conversion of 99.0% predicted for these conditions by
ASPEN simulation.
For comparison and because the common semi-continuous, acid-catalysed,
esterification of oleic acid with methanol might be replaced successfully by a
continuous process, we investigated continuous acid-catalysed esterification of
oleic acid in the stainless steel bubble-cap column under atmospheric pressure at
120'C, while using liquid oleic acid as a feed from the top and gaseous methanol
as an input at the bottom. lt appeared that at a residence time of 3.5 h and molar
methanol to acid ratios as low as 2:1 and 1.5:1, almost complete esterification with
a conversion of 99.6% can be obtained in the presence of 0.15-0.25wto/o
p{oluenesulfonic acid. Simulation of the reaction rate with ASPEN Plus using
equation (6) with the same parameters as valid in batch esterification, notably
kr'= 35000 m3/kmols, Er = 42.0 rc6 J/kmol and K" = 8.0, gave results that were in
fair agreement with the experrmental results.
The results of this investigation show that the objective of developing a universally
applicable kinetic reaction rate equation suitable to support process development
work on esterification through simulation with ASPEN Plus has been attained. lt
enabled us to develop a process for industrial production of methyl esters by
carrying out a limited number of experiments on a pilotplant scale. This led to a
continuous esterification process without a catalyst, at high temperature and
increased pressure. In a single reaction column, without the need for a refining
step, this process yields methyl esters with a very low acid percentage which are
not contaminated by sulfur compounds.
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